Introduction
Congenital heart disease affects 8-12 infants per 1000 live births (1). In the United Kingdom, we perform around 10,000 surgical and interventional procedures for congenital heart defects every year. Congenital heart lesions are often detected antenatally or early in life, but diagnosis may be delayed until adulthood. Echocardiography is the perfect imaging tool for congenital heart defects; it is non-invasive, easily reproducible, relatively cheap and quick and gives excellent representation of the structural abnormalities faced. Other imaging modalities can provide complementary information, but transthoracic echocardiography is the workhorse of the congenital heart disease world, from initial diagnosis to long-term follow-up.
This review article aims to describe the echocardiographic features of left to right shunt lesions; atrial septal defect, ventricular septal defect, atrioventricular septal defect and patent arterial duct. atrial enlargement. ASDs can be an incidental finding due a systolic murmur, an abnormal chest X-ray or ECG while the patient is being assessed for other problems.
Shunt at the ventricular level or the duct: These present early on in life with increased work of breathing, difficulty with feeding and poor weight gain. A murmur might not be audible immediately after birth due to the elevated pulmonary vascular resistance. As this falls in the subsequent weeks, a large defect will cause increased pulmonary blood flow leading to congestive heart failure, and the infant will be more susceptible to respiratory infections. Small ventricular defects can be detected incidentally due to a heart murmur. They are usually managed conservatively but patients might present with secondary problems such as endocarditis, aortic regurgitation, subaortic obstruction and doublechambered right ventricle.
Large ducts in preterm babies that do not respond to medical therapy will in some cases render the infant ventilator dependent until the duct is closed. Small ducts may present with endocarditis, incidental murmur or abnormal calcification on the chest X-ray.
Patients with sizeable left to right shunt that have been left untreated may develop pulmonary vascular disease and progressive increase in the pulmonary vascular resistance. When the latter exceeds the systemic vascular resistance the direction of shunt reverses and becomes right to left, a condition known as Eisenmenger's syndrome.
Common haemodynamic features in shunt lesions
Left to right shunts share common haemodynamic features, which should be assessed by 2D imaging, colour flow Doppler mapping and spectral Doppler. We will review them before discussing each lesion individually:
• Size of the shunt: The size of the shunt is proportional to the size of the defect and the relative resistances of the systemic and pulmonary vascular beds.
• Direction of flow: This is usually left to right. The flow across the ASD is phasic occurring predominantly in late ventricular systole and early diastole with augmentation of the shunt during atrial contraction (2). The shunt across the VSD is present throughout the cardiac cycle and provides increased blood flow to the pulmonary circulation, resulting in left heart dilatation. Right to left or bidirectional shunt can be seen in the setting of significant pulmonary hypertension or impaired right ventricular (RV) compliance.
• Chamber dilatation: Left to right shunts lead to volume overload of the cardiac chambers; atrial shunts cause dilatation of the right atrium (RA) and RV. Shunts at the ventricular level and ducts cause left heart dilatation.
Guidelines have been published regarding the RV morphometric evaluation for children (3) and adults (4) . In children, this can be challenging with twodimensional (2D) echocardiography as measurements are underestimated when compared with MRI in children (5) as opposed to adults (6) . 3D echocardiography (3DE) offers more reproducible and comparable measurements (7, 8, 9) . In children, the LV dimensions should be indexed to body surface area.
• Elevated pulmonary arterial pressure: Large left to right shunts result in elevated pulmonary arterial pressure and resistance. The systolic RV pressure can be estimated by the peak velocity of the tricuspid regurgitation (TR) or by continuous-wave Doppler interrogation of the flow across the VSD (Fig. 1) . Diastolic pulmonary pressure can be calculated from the peak and end-diastolic velocities of pulmonary regurgitation, if present.
• The shape of the interventricular septum (IVS): In RV volume overload, the IVS is displaced towards the LV in diastole with subsequent septal flattening. Presence of pulmonary hypertension will lead to systolic septal flattening.
• Qp:Qs: The left to right shunt can be expressed as pulmonary (Qp) to systemic (Qs) blood flow ratio and calculated using the continuity equation ( Paradoxically, in patients with a persistent duct, the area of the RVOT and corresponding VTI are used to calculate the systemic blood flow and the pulmonary blood flow is calculated using the LVOT area and VTI. Qp: Qs should be used cautiously as there are potentially sources of error. The calculation of the RVOT and LVOT area is based on the measurement of the diameter of these outflow tracts, which is then squared in order to calculate the corresponding area. This renders the estimation of Qp:Qs highly sensitive to errors as small differences in the measurement will lead to significant discrepancies in the final result. Moreover, the measurement of the RVOT can be challenging given the sometimes challenging or inadequate windows. Cardiac catheterisation and cardiac MRI allow a quantitative approach in the calculation of pulmonary to systemic flows.
• Ventricular function: RV function can be affected particularly in the context of pulmonary hypertension.
Older patients with significant atrial shunt can have LV diastolic dysfunction that becomes unmasked following closure of the ASD (11).
• Effect on outflow tracts: A large shunt can exaggerate the pressure gradient across the outflow tracts e.g. a large atrial shunt can increase the pressure gradient across the pulmonary outflow tract.
• Secondary effects: For example, a significant VSD might lead to dilatation of the mitral valve annulus and subsequent mitral regurgitation.
• Association with other congenital cardiac malformations: The echocardiographic investigation should be thorough, following a sequential segmental approach. Some of those malformations might be unmasked only after the shunt lesion is closed e.g. the severity of a mitral stenosis may become apparent after closure of a large ASD.
Atrial septal defects (ASDs)

Types of interatrial communications
The ostium primum defect is a type of atrioventricular septal defect characterised by the presence of a common atrioventricular (AV) junction without a ventricular component to the defect. This will be described in the AVSD section (Fig. 2) .
Ostium secundum defects are true deficiencies in the primary septum and the most common type of interatrial communication. They vary in shape and size and can be single or multiple.
Sinus venosus defects are not true ASDs. These are venous abnormalities characterised by the anomalous insertion of right pulmonary veins into the wall of the superior vena cava (SVC). The SVC enters the atrial mass so that it 'over-rides' the atrial septum permitting flow from the left atrium to the right atrium. A sinus venosus defect at the orifice of the inferior vena cava will create an inferior interatrial communication.
Coronary sinus (CS) defects are a type of communication between the atriums through the mouth of the sinus. The deficiency between the adjacent walls of the CS and the left atrium (LA) may vary from small fenestrations to complete absence resulting in partial or complete unroofing of the CS. The latter is associated with dilatation of the CS ostium due to the large left to right shunt and drainage of a persistent left SVC to the LA roof (12) .
Rarely all components of the atrial septum are absent resulting in a common atrium (13) .
Echocardiographic assessment
The atrial septum should be assessed from subcostal, apical and parasternal views:
Subcostal
The preferred acoustic window. The atrial septum is seen in the anterior-posterior (four-chamber view, Fig. 3 ) and superior-inferior axis (sagittal view). The latter allows assessment of the margins to the SVC and IVC and is the optimal window for imaging a sinus venosus defect (Fig. 4) . The left anterior oblique (LAO) view shows the length of the atrial septum and demonstrates the ostium primum defect (Fig. 5 ) as well as dilatation of the CS if present. Partially or completely unroofed CS can be seen from this view. Colour Doppler interrogation and contrast studies can be performed.
Apical four chamber
In this view, the ultrasound beam is parallel to the atrial septum and measurements should be avoided, as there is risk of an artificial dropout. The four-chamber view allows haemodynamic assessment of the ASD (RA and RV dilation, Fig. 6 ) and estimation of the RV pressure based on the TR jet velocity.
Parasternal short axis (PSAX)
The atrial septum is seen posterior to the aortic root and thus the aortic rim of the defect can be identified (Fig. 7) . Sinus venosus and postero-inferior defects can also be seen in this view but measurements of the defect are not recommended due to the risk of drop out. 
High right parasternal
The patient is positioned in the right lateral decubitus position with the probe in a superior-inferior orientation. This view is ideal for detection of sinus venosus defects. In young children TTE will usually allow a full diagnostic study. In older children and adults, in particular, those considered for a transcatheter device closure, transoesophageal echocardiography (TOE) offers additional valuable information (Figs 8, 9, 10, 11 and 12). Table 1 summarises the basic TOE views for the assessment of ASDs. As with TTE, the location, size and number of defects should be identified as well as the relationship with the surrounding structures, in particular in patients considered for a percutaneous device closure. The American Society of Echocardiography has published comprehensive guidelines for the TOE examination (14) and for the assessment and percutaneous closure of ASDs with transthoracic, transoesophageal and intracardiac echocardiography (15).
In patients with poor acoustic windows, contrast echocardiography is another alternative in selected patients (15). Intravenous injection of agitated saline in the left arm is very useful in the investigation of a left SVC in the context of a completely unroofed CS; imaging from the apical four-chamber view will reveal the presence of contrast in the left upper corner of the LA and subsequently in the RA. 
Management and follow-up of ASDs
Large ASDs or those associated with paradoxical embolism or platypnoea/orthodeoxia should be closed. Irreversible pulmonary hypertension is the only absolute contraindication for closure. Secundum type defects with adequate rims can be closed percutaneously (Fig. 13) . Following device closure, the position of the device, the relationship to surrounding structures, any residual shunts should be carefully evaluated. Follow-up continues lifelong every 1-2 years due to risk of erosion (16) . Patients post-surgical closure with no other cardiac abnormalities are usually discharged after a year although a small but definite incidence of atrial arrhythmias has been described even years after the repair (17, 18) .
Ventricular septal defects (VSDs) Epidemiology and morphology
Ventricular septal defects are the most common congenital heart lesion, occurring in approximately 33% of patients with congenital heart disease (19) . They may occur in isolation or as part of more complex congenital heart disease. Depending on their right ventricular borders they can fall into one of three categories:
Perimembranous defects
Perimembranous defects are located in the membranous septum. When viewed from the right ventricle, these lesions are located towards the inner curvature of the heart. Their location leads to continuity between the tricuspid and aortic valves. This type may extend into the inlet or outlet part of the right ventricle or may be large enough to shunt towards all RV components. Perimembranous defects may close due to the proximity of the septal leaflet of the tricuspid valve to these defects; aneurysmal tissue from the underside of the leaflet might partially or completely cover the hole.
Alternatively, the right coronary cusp and sometimes the non-coronary cusp may prolapse through the defect with subsequent reduction of the size of the defect or even complete occlusion, often at the expense of aortic regurgitation.
Muscular defects
Muscular defects have completely muscular borders, they can be single or multiple and located anywhere within the septum. 
Juxtaarterial and doubly committed defects
Juxtaarterial and doubly committed defects are characterised by fibrous continuity between the adjacent leaflets of the aortic and pulmonary valves. The outlet septum and septal component of the subpulmonary infundibulum are absent. The aortic sinus may prolapse into the defect resulting in partial or complete closure at the cost of aortic regurgitation (20) . This classification of VSDs follows the European approach and focuses on the anatomic features immediately adjacent to the defect, the so-called border approach. An alternative approach is geographical, which focuses primarily on the position of the hole within the ventricular septum and classifies VSDs as central, inlet, outlet and muscular. Understandably, there is an on-going debate and effort to achieve an international consensus for VSD definition and categorisation (21, 22) .
Echocardiographic assessment
Multiple windows, planes and sweeps should be used to assess the ventricular septum.
The perimembranous VSD can be demonstrated on the PSAX (Fig. 14) and apical four-chamber views (Fig. 15) . Its relationship to the aortic valve can be seen from apical long axis and PLAX views. Occasionally, these defects are covered by apposition of the septal leaflet of the tricuspid valve and may close spontaneously, either partially or completely. Associated findings such as double-chambered RV, a Gerbode defect or subaortic ridge can be seen with perimembranous VSDs. The right or non-coronary cusp of the aortic valve can prolapse into the defect leading to a new onset aortic regurgitation. Muscular VSDs (Fig. 16 ) are located at either the inlet, outlet or trabecular portion of the septum and can be singular or multiple. The septum should be interrogated thoroughly at its entire length by sweeping from subcostal, apical and parasternal views (Video 1). Colour flow Doppler can identify small VSDs that are not visible on 2D. The sensitivity of this is reduced in newborns with persistent fetal circulation or patients of any age with elevated RV pressure. 
Location of defect(s)
The PSAX view is very useful in identifying the location of the VSD(s). A cut at the level of the aortic valve will show a perimembranous VSD between 9 o'clock and 11 o'clock positions (Fig. 14) . Occasionally, these defects are partially covered by tricuspid valve aneurysmal tissue and their size can be underestimated on 2D, but colour flow Doppler will reveal the magnitude of flow. Anterior extension of these defects will be seen between 11 and 12 o'clock. Doubly committed defects are identified between 12 and 2 o'clock (pulmonary valve hinge point) (Fig. 17) . A sweep performed from the PSAX view beginning from the aortic valve towards the apex can profile muscular VSDs. Anterior muscular VSDs will be seen between The echocardiographer should look for malalignment of the outlet septum (Fig. 18) , straddling AV valves, aortic cusp prolapse and other associated abnormalities and also measure the defect margins for consideration of transcatheter closure.
Newborns and young children usually have excellent acoustic windows that will allow a thorough transthoracic echocardiographic assessment. In those patients in whom TTE imaging is limited the TOE is an excellent alternative particularly when there are haemodynamically associated lesions or the defect is considered for percutaneous closure (Fig. 19) .
Management
Asymptomatic infants with a restrictive VSD and no evidence of pulmonary hypertension will not require treatment. Indication for closure in these patients will be the development of complications (aortic cusp prolapse, subaortic ridge, double-chambered RV, endocarditis). Infants with a significant shunt will develop congestive heart failure and will be referred for surgery. Percutaneous device closure is an alternative for a small and carefully selected population, usually older children with muscular or perimembranous defects with sufficient rims.
Atrioventricular septal defects (AVSDs) Epidemiology and morphology
Atrioventricular septal defects make up 4-5% of all congenital heart defects, occurring in 34.8 per 100,000 live births (24) . There is a very strong association between AVSD and Down's syndrome. Bergström and coworkers described up to 42% of patients with Trisomy 21 and congenital heart disease having an AVSD (25) . The cardinal feature of all AVSDs is the presence of a common AV junction rather than separate right and left AV junctions. This common junction is guarded by a distinctive AV valve (Fig. 20) , which in the majority of cases has a common AV orifice and consists of five leaflets. Occasionally, the common valve may be divided into two orifices (right and left) under the conditions of dense attachments to the ventricular septum, dense attachments to the atrial septum (AVSD with no primum defect) or divided by a tongue of tissue. Regardless of common or separate orifices, the left component of the common AV valve has three leaflets that have no counterparts in the mitral valve of the normal heart. The left mural leaflet is exclusively in the LV. The other two are the bridging leaflets and are attached to variable extent with tension apparatus into both ventricles. The left ventricular component of the bridging leaflets serves as a commissure and is often described incorrectly as a 'cleft'.
AVSDs can be classified depending on the level of shunting across the defect. It is this anatomical feature that influences the clinical presentation.
• When neither of the bridging leaflets is attached to the septal components, there is obligatory shunt at both atrial and ventricular levels. The degree of ventricular shunt will depend on the proximity of the bridging leaflets to the crest of the ventricular septum.
• When leaflets are attached to the ventricular crest, the shunt will be at the atrial level. These are the so-called partial AVSDs or ostium primum defects and have no ventricular component. In partial AVSDs, the common valve has two orifices.
• When leaflets are fused to the underside of the atrial septum, the shunt will be at the ventricular level.
The AVSDs may be either balanced or unbalanced at the ventricular level. In the latter, the common AV valve opens predominantly to one ventricle, and there is associated hypoplasia of the contralateral ventricle. Unbalance might also be noted at the atrial level; malaligned atrial septum as well as double outlet atrium have been described (26) .
Echocardiographic assessment
TTE provides excellent visualisation of the anatomy of AVSD and along with colour and spectral Doppler allows a comprehensive evaluation of the defect.
Subcostal views
The long axis and LAO view demonstrate the primum defect as well as any additional atrial communications (Fig. 5) . The subcostal short axis and LAO views show the abnormal elongation of the left ventricular outflow tract due to unwedging of the aortic outflow gives the appearance of 'goose-neck deformity' (Fig. 21) . The subcostal LAO allows the view of the common AV valve en face and can be used to determine the balance of the valve over the ventricles (Video 4). The subcostal shortaxis view shows the anatomy of the AV valves and helps differentiate them from normal mitral and tricuspid valves. The size of the mural leaflet and the papillary muscles of the left AV valve can be identified in this view. A small mural leaflet and single papillary muscle have been associated with imbalance of the left AV valve and worse prognosis (27) . 
Apical view
Both AV valves as well as the relationship of the common AV valve within the defect are seen in this view (Fig. 22) . Posterior to anterior sweep will reveal the VSD and can demonstrate chordal attachments to the ventricular septum. Colour Doppler will show the AV valve inflow and regurgitation. The LVOT can be assessed from the apical 5-chamber view. Obstruction of the LVOT can be seen either before or after surgical repair and could be due to chordal attachments to the LV side of the septum, subaortic membrane, septal hypertrophy, anomalous or prominent papillary muscle.
PLAX view
The AV valve regurgitation is further assessed from this view. Abnormal chordal attachments or a subaortic membrane may be identified (Fig. 23) .
PSAX view
This will demonstrate the VSD and identify additional ventricular defects. The AV valves can be seen in the short axis and the origin of regurgitation was assessed.
AVSDs may be associated with other congenital defects such as Tetralogy of Fallot, isomerism of the atrial appendages, anomalous pulmonary venous drainage and the echocardiographer should perform a careful assessment in the usual sequential segmental approach.
Unbalanced AVSD
Unbalance of the atria should be assessed from the apical four-chamber view. The atrial and AV valve inflows are evaluated by colour, pulse-wave and continuous-wave Doppler to look for presence of obstruction and assess its severity. Ventricular imbalance is assessed from several views and various techniques have been proposed: En face view of the AV valve from the subcostal LAO allows the calculation of the modified AV valve index (AVVI = Left AV valve area: Total AV valve area) (28) (Fig. 24) . AVVI between 0.4 and 0.6 is suggestive of balanced AVSD. Other parameters such as RV:LV inflow angle, the LA overriding the left AV valve, size parameters of the LV inflow (29) , the direction of flow at the VSD in systole and in the transverse arch as well as the presence of any obstruction are felt to be likely surrogates of LV adequacy.
As with all other lesions, TOE offers valuable information in the definition of anatomy, assessment of regurgitation jets and shunt in patients with AVSD (Fig. 25) . It is particularly useful in older children and adults where the acoustic windows for TTE are limited and also in the perioperative assessment of residual lesions, stenosis or regurgitation of the AV valves as well as the estimation of the RV pressure.
Management and follow-up
Patients with AVSD will require surgery with timing depending on the degree and location of shunt. Those with large atrial and ventricular components are usually repaired between the age of 3 and 6 months. If there is shunting only at the atrial level, the natural history is similar to that observed in patients with atrial septal defects. The age of repair varies between institutions with some preferring to repair between 1 and 2 years of age (30) and other centres waiting up until 8 years (31) . A significant degree of AV valve regurgitation may, however, necessitate an earlier intervention. A small number of patients with atrial shunting only are diagnosed in adolescent or adult life and are therefore repaired later.
Echocardiography (TTE, TOE, 3D) has a key role in the follow-up of these patients; residual shunts, the degree of AV valve regurgitation or narrowing and development of subaortic stenosis are the most common reasons for re-intervention.
Patent arterial duct Epidemiology and morphology
The reported incidence of a persistent duct in term neonates is only 1 in 2000 births, accounting for 5%-10% of all congenital heart disease (32). In preterm newborns the incidence is significantly higher. 
Echocardiographic assessment
Echocardiography is the investigation of choice in the diagnosis and assessment of the patent duct. In neonates and infants the ductal flow can be demonstrated from several imaging views using colour Doppler but is best seen from the parasternal and suprasternal windows.
Parasternal short-axis view
The duct is seen along the left lateral border of the MPA (Fig. 26) .
High left parasternal transverse view
High left parasternal transverse view shows the pulmonary artery bifurcation and the duct.
High left parasternal sagittal view ('ductal view')
This demonstrates the long axis of the duct, between the descending aorta and the LPA (Fig. 27 ).
Parasternal long axis view
This view allows assessment of the LV size and LA: Ao root ratio with MMode. Ratio ≥1.4 is suggestive of at least moderate shunt (33) . The size of the LV is also assessed from this view and indexed to the infant's body surface area. in a right aortic arch with aberrant left subclavian artery confirms the diagnosis of a vascular ring. A complete echocardiographic assessment should be performed to exclude other cardiac malformations, particularly duct dependent lesions, such as pulmonary atresia or coarctation of the aorta.
Suprasternal view
Colour Doppler is useful in the diagnosis of small ducts, not easily seen on 2D, particularly in adults with suboptimal echocardiographic windows. The flow across the duct during the cardiac cycle offers valuable information regarding the pulmonary pressure (Fig. 26) .
Pitfalls in the imaging of ducts
• A large duct with right to left shunt might be difficult to identify, as the flow across it resembles the flow in the descending aorta or the LPA. Other findings suggestive of pulmonary hypertension (significant TR pressure gradient, flattening of the IVS in systole) will assist in the diagnosis. Contrast echocardiography may also be helpful; intravenous injection of agitated saline will demonstrate micro bubbles in the descending but not the ascending aorta in the presence of right to left ductal shunt.
• In some cases, a red signal along the medial border of the MPA is seen in early systole that can be confused with a duct. This is a normal flow pattern that represents helical flow in the MPA and can be differentiated by the ductal flow given its location and timing.
Management and follow-up
Haemodynamically significant ducts can be either ligated surgically or closed percutaneous with a device or coil. Post procedure the echocardiographer should look for residual shunt, evidence of pulmonary hypertension and exclude obstruction of the left pulmonary artery or arch secondary to the device. No long term follow-up is required following successful closure.
3DE in ASDs, VSDs, AVSDs
3D echocardiography is extremely useful and strongly recommended for the diagnosis, management and follow-up of patients with these lesions. The anatomy of ASDs (Fig. 12) and VSDs can be assessed with accuracy (34, 35, 36) . It provides information regarding the location, shape and size of the defect (s) and the relationship with surrounding structures (Video 5). Its role is essential in planning and performing a percutaneous closure as well as in perioperative imaging. Multiplanar reformat (MPR) allows accurate measurements of the defects and facilitates the understanding of complex anatomies. 3DE is outside the scope of this review. For more information please refer to the EAE/ASE recommendations for image acquisition and display using three-dimensional echocardiography (34) and the Consensus on 3DE in Congenital Heart Disease from the European Association of Cardiovascular Imaging and the ASE (35) .
Conclusion
Echocardiography has a key role in the diagnosis, management and long-term follow-up of patients with left to right shunts. TTE is the investigation of choice and offers valuable information in infants and older children and can be enhanced by TOE in children and adults with suboptimal acoustic windows. 3D echocardiography is highly recommended for the examination and management of ASDs, VSDs and AVSDs. Large left to right shunts that are left untreated have a catastrophic outcome and therefore early diagnosis and careful haemodynamic assessment are paramount.
